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When French bean (Phaseolus vulgaris) plants were depodded in
the early stages of fruit development, relative levels of a specific
protein with a relative molecular weight of 28,000 were enhanced
in the young pods that formed later. The protein, designated pod
storage protein (PSP), was purified from extracts of newly formed
pods from plants that had been previously depodded four times at
intervals of 2 weeks. Two-dimensional polyacrylamide gel electro-
phoresis showed the presence of three forms (designated A, B, and
C) of PSP with identical electrophoretic mobilities but different
charges. The molecular mass of native PSP was estimated by gel
filtration to be 67 kD; therefore, the protein was most likely present
as a dimer. The antisera raised against forms A and C were cross-
reactive with each other. Form B lacked the N-terminal alanine of
forms A and C. An expression library from French bean pods was
screened using the antiserum against form A, and a full-length
c¢DNA clone was isolated. The cDNA insert included 765 bp poten-
tially encoding a polypeptide with 255 amino acid residues (and a
calculated molecular mass of 28,854 D). The amino acid sequence
deduced from the PSP cDNA had 65 to 71% identity with soybean
(Glycine max) vegetative storage protein sequences (P.E. Staswick
[1988] Plant Physiol 87: 250-254; and Correction [1989] Plant
Physiol 89: 717). Genomic Southern blot analysis suggested that PSP
is derived from a single-copy gene.

During fruit development in French bean (Phaseolus vul-
garis) plants, the accumulation of protein in developing
pods precedes that in seeds (Endo et al., 1987). As reported
for other legumes such as field pea (Flinn and Pate, 1968),
bean (Oliker, 1978), and cowpea (Peoples et al., 1985a,
1985b, 1985¢), protein accumulates in French bean seeds
during fruit development concurrently with active mobili-
zation of protein and free amino acids in the pods. Thus, a
proportion of seed nitrogen is temporarily stored in pods
as proteins, amino acids, and probably small peptides,
which are then mobilized to support the growth of seeds.
We also observed a continued increase in endopeptidase
activity throughout the development and subsequent se-
nescence of French bean pods (Endo et al., 1987). The
endopeptidase activity is thought to participate in protein
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mobilization in pods during fruit maturation (Tanaka et al.,
1993).

In the course of studies of endopeptidases in pods of
French bean plants, we found that when a large number of
pods in the early stages of fruit development were re-
moved from a plant, relative levels of a specific protein
with an M, of 28,000 were enhanced in the newly formed
pods. The protein accumulated to high levels in the pods of
plants that had been previously depodded, whereas a
smaller amount was detected in the pods of nontreated
plants. It was postulated that enhanced levels of the M,
28,000 protein resulted from a reduction of plant sink size
caused by removing pods in the early stages of fruit
development.

In this report, we characterize this protein from French
bean pods and designate it PSP. PSP ¢cDNA clones were
isolated, and the deduced amino acid sequence showed 65
to 71% identity with the sequences of VSPs from soybean
(Glycine max) leaves (Staswick, 1988) and 40% identity with
the sequences of acid phosphatase-1 from tomato (Erion et
al., 1991).

MATERIALS AND METHODS

Dry seeds of French bean (Phaseolus vulgaris L. cv Gold-
star) and soybean (Glycine max cv Mikawajima) were pur-
chased from Sakata Seed (Yokohama, Japan). If not stated
otherwise, French bean plants were grown in a phytotron
with 13 h of light (190 uE s™* m~2) and 11 h of darkness at
25°C and, at desired developmental stages, maturing fruits
were harvested and stored at —20°C until use. For the
purification of PSP, pods were collected as follows: just
after flowering, all pods were removed from bean plants
four times at 2-week intervals, and the few pods that
formed thereafter were allowed to grow and were har-
vested between 22 and 27 d after flowering (stage V; Endo
et al,, 1987). Leaves were collected from depodded and
nontreated plants and stored at —20°C until analysis. Soy-
bean plants were also grown in the phytotron, and when
the second trifoliate leaves were fully expanded these were
collected and stored at ~20°C until use.

Abbreviations: CBB, Coomassie brilliant blue; 2-ME, 2-mercap-
toethanol; PSP, pod storage protein; VSP, vegetative storage
protein.
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Purification of PSP from French Bean Pods

All manipulations were carried out at 0 to 4°C. Pods (72
g) were powdered with 20 volumes of cold acetone in a
homogenizer (model AM-10, Nihonseiki, Tokyo, Japan).
The dry powders were homogenized with a chilled mortar
and pestle for 40 min in 50 mM potassium phosphate buffer
(pH 7.2) containing 10 mm 2-ME. The homogenate was
squeezed through two layers of 80-um nylon cloth and
centrifuged at 27,000g for 20 min. Solid ammonium sulfate
was added to the supernatant to obtain the fraction that
was precipitated between 50 and 80% saturation. The pre-
cipitated proteins were dissolved in a small volume of 50
mM potassium phosphate buffer (pH 7.2) containing 5 mm
2-ME and dialyzed overnight against the same buffer. A
portion (17.6 mg of protein) of the supernatant from the
dialyzed solution was applied to a column (1.6 X 15 cm) of
DEAE-cellulose (DE-52, Whatman) that had been equili-
brated with 50 mm potassium phosphate buffer (pH 7.2)
containing 5 mMm 2-ME.

The loaded column was first washed with the same
buffer and subsequently eluted with a linear gradient of 0
to 0.5 M KCl in the buffer. The eluate was collected in
5-mL fractions at a flow rate of 40 mL h™ !, and those
fractions containing PSP were combined and lyophilized.
A portion (4.4 mg of protein) of the PSP fraction was
dissolved in 4 mL of the buffer containing 0.2 m KCl and
loaded onto a column (1.6 X 83 cm) of Sephacryl S-200 HR
(Pharmacia) that had been equilibrated with the same
buffer. The eluate was collected in 5-mL fractions at a flow
rate of 12 mL h™'. The fractions containing PSP were
combined, dialyzed against water, and lyophilized. The
PSP fraction (2.6 mg of protein) was dissolved in a mixed
solution of 0.2 mL of the buffer and 0.1 mL of aqueous
80% (v/v) glycerol. The solution was loaded onto a
9% (w/v) acrylamide gel (1 mm thick and 13.5 cm wide)
at 4°C.

After electrophoresis, narrow strips of the gel were
stained with CBB. Three protein bands, which we called
forms A, B, and C, were visualized on the strips. Each band
was cut from the gel plate and the protein was electro-
phoretically recovered from the cut gel using 0.1 m Tris-0.1
M Tricine buffer (pH 8.0) containing 50 mm SDS. The
protein solution was dialyzed against water and lyophi-
lized; 0.56, 0.35, and 0.51 mg of proteins were obtained for
forms A, B, and C, respectively.

Preparation of Antisera and Protein Immunoblotting

Antiserum against form A or C of PSP was raised in a
rabbit by five subcutaneous injections of the purified pro-
tein (0.70 or 0.65 mg in total) emulsified with Freund’s
complete adjuvant at 2-week intervals. The immunospeci-
ficity of the antisera against forms A and C was examined
by the immunoblot method, "as described elsewhere
(Tanaka et al., 1993). Protein bands were visualized by
enhanced chemiluminescence western blotting detection
reagents (Amersham).
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Determination of N-Terminal Amino Acid Sequences

Protein sequencing was performed as described by Mat-
sudaira (1987) with some modifications. Each form of PSP
was electrophoresed in the SDS gels as described above,
and the protein was electroblotted onto a PVDF membrane
(Millipore) with 25 mm Tris-boric acid buffer (pH 8.3)
containing 20% (v/v) methanol. The membrane was
soaked with 10 mm sodium borate containing 25 mm NaCl
and stained with CBB. The band at 28 kD was cut out and
analyzed by an automatic protein sequencer (model 4774,
Applied Biosystems) equipped with an on-line HPLC sys-
tem for the quantitative identification of phenylthiohydan-
toin derivatives of amino acids.

RNA Extraction and Northern Blot Analysis

Total RNA was prepared from pods and leaves of de-
podded and nontreated plants as described previously (Su-
zuki and Minamikawa, 1985), except the RNA extraction
buffer consisted of 200 mm Tris-HCl (pH 8.5), 300 mm
NaCl, 20 mMm EDTA, and 1% SDS and phenol saturated
with 10 mm Tris-HCl (pH 8.0) containing 1 mm EDTA.

Northern blot analysis was performed as described pre-
viously (Ishibashi and Minamikawa, 1990), except that a
nylon membrane filter (Hybond-N, Amersham) was used
instead of a nitrocellulose sheet. A *’P-labeled DNA probe
was prepared from the APSP1 insert using a random primer
labeling kit (Takara Shuzo, Kyoto, Japan). The filter was
washed with 0.5X SSC containing 0.1% SDS for 90 min at
42°C and exposed to x-ray film.

cDNA Cloning and Sequencing

Pods at stage IV were collected from the depodded
French bean plants grown at the university experimental
farm from May to July, and total RNA was prepared from
the pods as described above. Poly(A) RNA was isolated
from the total RNA by oligo(dT)-cellulose column chroma-
tography (Aviv and Leder, 1972). Double-stranded ¢cDNA
was synthesized by the cDNA Synthesis System Plus (Am-
ersham) according to the manufacturer’s instructions. The
synthesized ¢cDNA was inserted into the Agtll wvector
(Huynh et al., 1985). cDNA clones for PSP were selected
from the library using the antiserum against form A of PSP
as described by Huynh et al. (1985), with the exception that
the Vectastain ABC kit (Vector Laboratories, Burlingame,
CA) was used instead of "*°I-labeled protein A. The clones
obtained by the screening were examined by epitope selec-
tion (Weinberger et al,, 1985). Plaque hybridization was
carried out as described by Sambrook et al. (1989). The
nucleotide sequence of the cDNA for PSP was determined
in both directions by the dideoxynucleotide chain-
termination method using the pUC118 system (Sambrook
et al.,, 1989).

Southern Blot Analysis

nDNA from French bean plants was prepared as de-
scribed previously (Yamauchi et al, 1989). Southern blot-



A 28-kD Pod Storage Protein from French Bean 481

ting was carried out according to the method of Sambrook
et al. (1989).

Other Methods

A crude extract of leaves from the depodded plants was
prepared by the same method as for the pods. Protein
contents were measured by the method of Bradford (1976)
using BSA as a standard.

A partially purified VSP preparation (1.1 mg of protein)
was obtained by gel filtration of an extract from leaves (30
g) of soybean plants according to the method of Wittenbach
(1983). Glycochains in polypeptides were detected by the
periodic acid-Schiff staining method (Kondo et al., 1991).
After SDS-PAGE on a 1-mm-thick 12.5% gel, proteins in the
gel were transferred to a PVDF transfer membrane (Milli-
pore) and stained with reagents (G.P. Sensor, Seikagaku
Kogyo, Tokyo, Japan) according to the manufacturer’s in-
structions.

RESULTS

Accumulation of PSP in Pods of French Bean Plants That
Had Been Depodded

When French bean plants were depodded early in fruit
development, relative levels of a specific M, 28,000 protein
were enhanced in the few pods that formed later. Smaller
amounts of the protein were detected in pods of nontreated
control plants (Fig. 1). The protein in newly formed pods of
depodded plants grown in a phytotron accumulated to
higher levels than when the plants were grown at an ex-
perimental farm. To compare levels of the M, 28,000 pro-
tein in pods of depodded and nontreated plants, relative
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Figure 1. Detection of PSP with an M, of 28,000 in French bean
plants. Extracts of pods from plants that had been depodded as
described in “Materials and Methods” were analyzed by SDS-PAGE
(lanes 2 and 4). Pods from nontreated control plants were analyzed
in the same manner (lanes 1 and 3). Ammonium sulfate (AS) fractions
(0-50 and 50-80% saturation) were prepared from a crude extract of
pods from the plants that had been depodded and analyzed by
SDS-PAGE (lanes 5 and 6). Plants were grown in a phytotron (P) or at
the university experimental farm (F). The sample solution was treated
with an equal volume of SDS sample buffer (Laemmli, 1970), and 15
pg of protein was loaded on each lane.
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Figure 2. Purification of PSP from pods of depodded plants. A,
Separation of PSP by a column of DEAE-cellulose chromatography. A
50 to 80% saturated ammonium sulfate fraction from crude extracts
of the pods was applied to the column (DE-52, Whatman), which had
been equilibrated with 50 mm potassium phosphate buffer (pH 7.2)
containing 10 mm 2-ME. The column was eluted with a linear
gradient of 0 to 0.5 M KCl in the same buffer, and 5-mL fractions were
collected at a flow rate of 40 mL h™'. Inset, SDS-PAGE pattern of
tubes 14 to 23 (25 L from each tube). Arrowhead, M, 28,000
protein. B, Separation of PSP by gel-filtration column chromatogra-
phy on Sephacryl S-200. A combined fraction (4.8 mg of protein) of
tubes 14 to 23 obtained from the DEAE-cellulose column was ap-
plied onto the column and eluted with the buffer containing 0.2 m
KCI at a flow rate of 12 mL h™'. The eluate was collected in 5-mL
fractions. Inset, SDS-PAGE pattern of tubes 19 to 24 (25 ul from each
tube). The gels were stained with CBB. Arrowhead, M, 28,000
protein.

amounts of protein were assessed by scanning the CBB-
stained bands with a densitometer after SDS-PAGE. The
results of six independent experiments indicated that the
amount of M, 28,000 protein accumulated per gram fresh
weight of pod from depodded plants grown in the phy-
totron was 159 * 11% (sE) of that from corresponding
nontreated plants. The value from four experiments was
132 =+ 8% in the case of plants grown at the experimental
farm. Enhanced levels of the M, 28,000 protein were also
observed in pods that were formed at an early stage of fruit
development when pods formed later were removed. We
designated this M, 28,000 protein as PSP.

Purification and Characterization of PSP

PSP was purified from extracts of pods from plants that
had been depodded in the early stages of fruit develop-
ment. The crude extracts were fractionated by ammonium
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sulfate, and PSP was found to be enriched in the fraction of
50 to 80% saturation (Fig. 1, lanes 5 and 6). Elution patterns
of PSP from columns of DEAE-cellulose and Sephacryl
5-200 are presented in Figure 2. The final gel-filtration step
provided an apparently homogeneous PSP preparation, as
determined by CBB staining after SDS-PAGE (Fig. 2B).
However, analysis of the preparation by two-dimensional
PAGE revealed three forms (A, B, and C) of PSP with
identical mobilities (M, 28,000) but different net charges
(Fig. 3A). Nondenaturing PAGE (Hedrick and Smith, 1986)
revealed that the molecular mass of forms A and C was
approximately 67 kD (data not shown), indicating that PSP
was probably present as a dimer. Forms A and C shared at
least 16 identical amino acid residues among the
N-terminal 20 residues (Fig. 3B). The nine N-terminal
amino acids of form B were identical with those of forms A
and C, but Ala-1 of forms A and C was lacking in form B.

Nucleotide Sequence of PSP cDNA

A cDNA expression library from French bean pods of
stage V (Tanaka et al, 1993) was immunologically
screened, and nine clones were selected. However, only
one clone, termed AP5, reacted specifically with the anti-
serum against PSP in epitope selection (Weinberger et al.,
1985). This clone carried a cDNA insert of approximately

£
“1st - Non-denaturing PAGE

PSP A
PSP B
PSP C

Figure 3. Characterization of three forms of PSP. A, Two-
dimensional PAGE pattern of PSP. The PSP fraction from the gel-
filtration column (4.5 pg of protein) was analyzed by two-
dimensional PAGE. The first dimension was 9% nondenaturing PAGE
and the second was 12.5% SDS-PAGE. Arrows indicate the direction
of migration. The first- and second-dimensional PAGE patterns were
attached to the top and the right of the two-dimensional PAGE gel,
respectively. The gel was stained with CBB. Molecular masses are
shown on the right. B, N-terminal amino acid sequences of the three
forms of PSP. The amino acid sequences were determined as de-
scribed in “Materials and Methods.” X, Undetermined amino acids.
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Figure 4. Complete nucleotide sequence of the APSP1-cDNA insert
and the deduced amino acid sequence. Amino acid residues identi-
cal with the N-terminal amino acid sequences of forms A and C of
PSP are double-underlined. Nucleotides are numbered in a 5’ to 3’
direction beginning with the first nucleotide of the initiation codon.
Amino acids are numbered from the initiation Met. The arrowhead
indicates a putative signal peptide cleavage site. A putative polyad-
enylation signal sequence is underlined. The DNA Data Bank of
Japan accession number for the nucleotide sequence of APSP1 cDNA
is D50094.

0.6 kb and the sequence from the insert lacked a poly(dA)
tract, suggesting that it represented a partial-length cDNA
for PSP. Another cDNA library from pods of stage III was
then screened with AP5 cDNA as a probe. Several clones
were obtained and we chose a clone carrying the longest
c¢DNA insert. This clone, designated APSP1, included 765
bp of an open reading frame potentially encoding a
polypeptide with 255 amino acid residues (calculated mo-
lecular mass 28,854 D), 31 bp of a 5" untranslated region,
and a 148-bp 3’ untranslated region (Fig. 4). The N-terminal
amino acid sequence of forms A and C of PSP corre-
sponded to amino acid residues 37 to 52. The deduced
amino acid sequence of the APSP1 ¢cDNA has 71 and 65%
identity with those of VSP-a and VSP-B of soybean, respec-
tively (Rhee and Staswick, 1992a, 1992b), and 40% identity
with acid phosphatase-1 of tomato (Erion et al., 1991). No
putative glycosylation sites were contained in the deduced
amino acid sequence of APSP1 ¢cDNA (Fig. 4), although
VSPs (Wittenbach, 1983) and acid phosphatase-1 (Paul and
Williamson, 1987) are glycoproteins. In fact, PSP was not
stained with the periodic acid-Schiff reagent, whereas
VSP-a (27 kD) and VSP-B (29 kD) were stained (Fig. 5).
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Figure 5. Detection of glycochains in PSP from French bean pods
and VSPs from soybean leaves. Lanes 1 and 3, 3 and 2.5 pg of
purified PSP, respectively; lanes 2 and 4, 2.4 and 5 pg of protein of
partially purified VSP, respectively. After separation on 12.5% SDS-
PAGE, gels were stained with CBB and the periodic acid-Schiff (PAS)
reagent.

Levels of PSP and PSP mRNA in Pods and Leaves

Immunocompetition experiments demonstrated that the
antisera raised against forms A and C were cross-reactive
(data not shown). In the present studies, antiserum against
form B could not be raised, presumably because of the
small quantity of form B prepared. The immunoblot anal-
ysis using the antiserum against form A of PSP indicated
that the depodding treatment enhanced the accumulation
of PSP in newly formed pods (Fig. 6A). Immunoblot anal-
ysis also demonstrated no accumulation of PSP in leaves
from either depodded or nontreated French bean plants,
whereas levels of PSP were enhanced in pods of depodded
plants at stage V compared with nontreated plants (Fig.
6A). Northern blot analysis with the APSP1 cDNA probe for
the same plant samples indicated that PSP mRNA was
detected in pods but not in leaves (Fig. 6B). The mRNA
level was enhanced in pods of depodded plants compared
with nontreated control plants.

Genomic Southern Blot Analysis

Genomic Southern blot analysis was performed to esti-
mate the copy number of the PSP gene using the APSP1
cDNA as a probe (Fig. 7). The cDNA hybridized with one
(Pstl, 6.4 kb; Xbal, 9.5 kb; and Kpnl, 14.8 kb) or two frag-
ments (HindlIll, 1.6 and 0.8 kb). The results are consistent
with there being a single copy of the PSP gene in French
bean plants, although it is necessary to propose a HindIII
site in an intron of the gene, since the cDNA lacks any
HindIIl site.

DISCUSSION

Enhanced levels of PSP in pods of French bean plants
were first observed during studies of endopeptidases in

+«28kD

12 3 4 1

Figure 6. Expression of PSP and PSP mRNA in pods and leaves of
depodded and nontreated French bean plants. A, Immunoblot anal-
ysis of PSP. Extracts of the expanded leaves and pods at stage V were
prepared from nontreated control plants (lanes 1 and 2) and depod-
ded plants (lanes 3 and 4). The extracts (5 ug protein/lane) were
analyzed by SDS-PAGE followed by immunoblotting using the anti-
serum against form A of PSP. The arrow points to the 28-kD PSP. B,
Northern blot analysis. Total RNA was prepared from leaves and
pods of control plants (lanes 1 and 2) and depodded plants (lanes 3
and 4) at stage V. RNA (10 pg) was glyoxalated and separated by
electrophoresis on a 1.4% agarose gel, blotted onto a nylon filter,
and hybridized with the *?P-labeled cDNA insert of APSPT.

23- v

Figure 7. Southern blot analysis of nDNA from French bean plants.
The nDNA (10 pg) from French bean plants digested with Hindlll, Pst
1, Xbal, or Kpnl was separated on a 0.8% agarose gel and blotted onto
a nylon filter, which was then hybridized with the **P-labeled cDNA
insert of APSP1.
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senescing pods (Tanaka et al, 1993). When extracts from
newly formed pods of plants that had been largely depod-
ded were analyzed by SDS-PAGE, we found that a M,
28,000 band on gels stained with CBB was more intense
than in extracts of nontreated plants. Removal of pods
early in fruit development may lower overall sink strength,
and, as a consequence, this specific protein may accumu-
late in newly formed pods. In the present studies, we
isolated and characterized the M, 28,000 protein and se-
quenced its cDNA.

The cDNA of PSP contains a translated region coding for
a polypeptide with 255 amino acid residues (Fig. 4). From
the hydrophobicity of the amino acid sequence, it is pre-
dicted that a signal peptide is cleaved between Ala-14 and
Ser-15. However, the N-terminal amino acid of forms A
and C of PSP corresponded to Ala-37, suggesting that
further posttranslational processing of the PSP precursor
takes place in the ER or after the precursor is transported
from it. Two-dimensional PAGE analysis (Fig. 3A) demon-
strated the presence of three forms of PSP, each with an
identical M, (28,000) and a different net charge. Thus, the
native PSP of 67 kD was probably present as a dimer. The
three forms of PSP may be encoded by a single copy of the
gene (Fig. 7). Form B lacked the N-terminal Ala of forms A
and C (Fig. 3B). It remains undetermined, however,
whether this is due to posttranslational processing at a site
different from that of forms A and C, or whether it results
from action of an aminopeptidase on form A or C. PSP is
apparently not glycosylated (Fig. 5), and hence the differ-
ent charges between the three forms are probably not at-
tributable to glycochains of the polypeptides.

Removal of pods from soybean plants induces accumula-
tion of a specific leaf protein termed VSP (Staswick, 1988,
1990). VSP consists of two similar polypeptides, VSP-a and
VSP-B, which are derived from different genes (Rhee and
Staswick, 1992a, 1992b), in contrast to the apparent single

copy of the PSP gene in French bean plants (Fig. 7). The

deduced amino acid sequence of the PSP ¢cDNA was found
to have 71 and 65% identity with those of VSP-a and VSP-8
of soybean, respectively (Rhee and Staswick, 1992a, 1992b).
PSP also had 40% sequence identity with tomato acid
phosphatase-1 (Erion et al., 1991). The amino acid sequences
of acid phosphatase-1 and VSP share about 45% identity.
Although PSP and VSP are similar in amino acid se-
quence and molecular mass, the two proteins are different
in terms of induced synthesis and accumulation in plants.
PSP was synthesized in remaining or newly formed pods
but was not detectable in leaves of the depodded plants, as
shown by immunoblot analysis (Fig. 6A). VSP accumulates
to high levels in leaves of depodded soybean plants
(Staswick, 1990). PSP mRNA was not detected by northern
blotting in leaves of depodded or nontreated plants, but its
level was increased in pods of depodded plants. The level
of PSP mRNA was enhanced more notably than the level of
the PSP protein in pods of depodded plants at stage V (Fig.
6). This difference between PSP and its mRNA might be
due to differences in their stage-dependent accumulation
and also in their stability in the pods. Thus, PSP is probably
synthesized to a considerable extent even in pods of non-
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treated French bean plants, and its content increases by 32
to 59% following depodding, whereas synthesis of VSP is
more conspicuously induced in leaves of depodded soy-
bean plants.

The accumulation of PSP in the pods is most abundant
in a late stage (stage V; data not shown) of fruit develop-
ment, but most active accumulation of VSP occurs in an
intermediate stage (Staswick, 1989). The synthesis of VSP
is clearly induced by jasmonic acid and its methyl ester
(Anderson et al., 1989; Staswick, 1990), but our prelimi-
nary investigations showed that exogenously applied
methyl jasmonate was not effective in enhancing the ac-
cumulation of PSP (P.-Y. Zhong, D. Yamauchi, and T.
Minamikawa, unpublished data). We thus propose that
PSP is a novel type of protein and its accumulation in
pods is enhanced by the reduction in competing sinks
associated with fruit removal.
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